Before the establishment of reproductive isolation, deeply diverged intraspecific lineages can experience complex genetic and behavioral interactions as they come into secondary contact. Divergent selective and demographic processes mediate gene flow among lineages, resulting in hybrid zones with complex biogeographic structure. Discordance in the biogeographic patterns of autosomal and maternally inherited loci provides a useful window to infer the processes mediating admixture and introgression across hybrid zones. Here, we sampled 489 genotypes across a hybrid zone between 2 phylogeographic lineages of the spotted salamander, Ambystoma maculatum, and characterize discordant patterns of nuclear and mitochondrial introgression across the contact boundary. Our results indicate asymmetric introgression of nuclear DNA beyond the contact boundary from the western to eastern lineage, with introgression of eastern mitochondrial DNA into the western lineage. We discuss alternative mechanisms for this pattern and attribute this result to neutral patterns of population expansion of the western lineage into the east in combination with female mate choice for larger-bodied western males. Our results underscore the complexity of interacting mechanisms that give rise to reproductive asymmetries in the earliest stages of the speciation process.
fuel further diversification and lead to speciation, thus the study of hybridization across divergent intraspecific lineages informs our understanding of mechanisms contributing to species formation in its earliest stages.
After sufficient time in isolation, populations or lineages experiencing independent environmental selection will diverge (Orr 1995) . Within and among these populations, genomic loci under varying selective constraint (e.g. coding vs. noncoding, functional vs. nonfunctional loci) or with different effective population sizes (e.g. autosomal vs. organellar or sex-linked loci) can show genealogical discordance-unique evolutionary relationships despite shared history (Maddison 1997; Singhal and Moritz 2012b) . Incongruence among loci is increasingly recognized in diverse taxa (Edwards 2009; Toews and Brelsford 2012; O'Neill et al. 2013) , particularly in cases of introgression among recently diverged lineages or incipient species (Maroja et al. 2009; Singhal and Moritz 2012b; Toews and Brelsford 2012) . Incongruence between organellar and nuclear loci in secondary contact zones provides a signal of historical and ongoing selective and demographic processes shaping the distribution of genetic variation.
Mitonuclear discordance is common in differentiating lineages, typically in the form of asymmetric introgression of mitochondrial DNA (mtDNA) across secondary contact zones (Toews and Brelsford 2012) . This discordance can arise due to multiple demographic, selective, and behavioral mechanisms such as sexbiased dispersal (Crochet et al. 2003) , drift following spatial population expansion (Currat et al. 2008) , differential selection (Cheviron and Brumfield 2009 ), or asymmetries in mate choice (Wirtz 1999) . In secondary contact zones, asymmetric introgression results in shifts in cline position among loci (Brumfield et al. 2001; Devitt et al. 2011 ), while differences in cline width among mtDNA and nuclear loci reflect differential nuclear introgression and/or sex-biased dispersal (Toews and Brelsford 2012) . Understanding mechanisms that limit free gene exchange requires analyses of the genetic and ecological interactions between contacting lineages to infer historical processes maintaining lineage identity.
Here, we quantify the consequences of secondary contact between 2 diverging intraspecific lineages of the spotted salamander (Ambystoma maculatum), a pond-breeding amphibian with a widespread distribution across eastern North America (Figure 1 ). Earlier phylogeographic analyses (Phillips 1994; Zamudio and Savage 2003) found strong genetic structure among populations in this widespread species, with 2 reciprocally monophyletic clades derived from isolated ancestral refugial populations on either side of the southern Appalachians (Zamudio and Savage 2003) . Despite deep divergences (6% mtDNA sequence divergence; Phillips 1994), spotted salamanders show relatively limited morphological variation, comprising only one subspecies across their large range (Zamudio and Savage 2003) . However, members of the 2 clades show significant differences in growth rate and body size at metamorphosis when raised in common garden experiments (DuShane and Hutchison 1944) . Deep divergence between these 2 morphologically cryptic lineages provides an excellent opportunity to test for population connectivity and gene flow between lineages in secondary contact.
Using nuclear and mtDNA loci, we characterized a secondary contact zone between the 2 divergent lineages of A. maculatum in Illinois and Missouri in the central United States (Zamudio and Savage 2003) . We used nuclear microsatellite loci to test for nuclear concordance with the broader mtDNA signal of post-Pleistocene contact and infer hybridization dynamics in the contact zone. Specifically, we test for evidence of asymmetric hybridization and assortative mating within lineages-potentially early steps in the speciation process. We discuss our results in the context of the diverse genetic, behavioral, and demographic mechanisms that can give rise to discordant and asymmetric reproductive patterns during early divergence.
Materials and Methods

Contact Zone and Population Sampling
Populations of A. maculatum belong to 2 reciprocally monophyletic mtDNA clades derived from ancestral refugia (referred to as "Inland" and "Coastal" by Zamudio and Savage (2003) , and "Clade I" and "Clade II" by Phillips (1994) , respectively, hereafter referred to as "east" and "west"). The western clade originated in the southeastern Appalachian mountains and coastal plain of the Carolinas, expanding north following glacial retreat and west along the gulf coastal plain, with subsequent northward expansion into the interior highlands as far as central Missouri. The eastern clade originated in the southern Appalachians with southward expansion into the coastal plain and northward expansion into the interior plains to Michigan and northern Wisconsin. Following refugial isolation (approximately 18 000 bp; Hewitt 1996), these mtDNA clades have come into secondary contact in the proximity of the Mississippi River (Figure 1) . The 2 clades meet in the central United States, along the confluence of the Mississippi and Ohio rivers in Southern Missouri and Illinois (Zamudio and Savage 2003) , a phylogeographic contact zone common to many species with broad distributions in eastern North America (Remington 1968; Burbrink et al. 2000; Swenson and Howard 2005) . However, the Mississippi is a permeable dispersal barrier in this species, with at least one eastern breeding population known to include western mtDNA haplotypes (Zamudio and Savage 2003) .
The highly synchronous breeding of spotted salamanders makes it possible to sample clutches of most females breeding in a pond, thus capturing genetic diversity among reproductive adult females in a population. We sampled 27 breeding ponds along a transect across our contact zone and randomly selected one embryo from each clutch present in ponds to determine the mtDNA affiliation of breeding females. We included in our final dataset only localities with more than 8 successfully genotyped samples, resulting in 19 ponds used for subsequent analyses (Table 1 ). All embryos were collected between 20 March 2015 and 6 April 2005 and stored in 100% ethanol in the field for later genetic analysis.
Genetic Data Collection
We extracted genomic DNA using a 150 µL 5% Chelex solution (BioRad Laboratories) and 1 µL of 19 µM proteinase K incubated at 55 °C for 120 min and 99 ° for 10 min. Supernatant of the Chelex extractions served as templates for PCR amplification of length-variable mtDNA intergenic spacer (IGS) to confirm lineage membership (E or W) for each sample (Shaffer and McKnight 1996) . Amplified mtDNA products were digested with the restriction enzyme SspI following the manufacturer's instructions (New England Biolabs). A diagnostic restriction site (AATATT) is present at bp 305 of IGS in eastern salamanders but is absent in individuals from the western mtDNA clade, resulting in different mtDNA restriction fragment length polymorphism patterns for individuals of the 2 clades. Electrophoresis of eastern clade SspI-digested IGS amplicons results in 2 bands, 305 and 678 bp in length. Western clade samples show a single 983 bp fragment. We visualized the digested products on a 2% agarose gel stained with ethidium bromide and scored haplotypes manually.
We PCR amplified 7 previously characterized unlinked, tetranucleotide microsatellite loci (AmaC40, AmaD203, AmaD315, AmaD321, AmaD328, AmaD49, and AmaD99; Julian et al. 2003) in 10 µl volumes including 1 µl DNA template, 0.25 U Taq polymerase (Applied Biosystems), 1× PCR buffer, 40 mM dNTP, and 0.2 µM forward and reverse primers. Microsatellite forward primers were 5′-labeled with 6-FAM, VIC, NED, and PET fluorescent dye. PCR cycles included an initial denaturation step of 5 min at 94 °C, followed by 35 cycles of denaturation at 94 °C (1 min), annealing at 59-64 °C (1 min), extension at 72 °C (1 min), and a final elongation at 72 °C (5 min). PCR amplicons were pooled in groups of nonovelapping fragment sizes and colors and electrophoresed on an Applied Biosystems 3730×l DNA Analyzer (Applied Biosystems). Fragments were sized by comparison with a LIZ 500bp ladder using Genemapper v3.5 software (Applied Biosystems). In accordance with data archiving guidelines (Baker 2013) , we have deposited these genotype and haplotype data in Dryad.
Microsatellite Diversity
We used our microsatellite data to determine the geographic and genetic extent of introgression and hybridization across the Mississippi River contact zone. We tested for the presence of linkage disequilibrium in Arlequin v3.5 (Excoffier et al. 2005 ), calculated using an exact test with a Markov chain of 1 000 000 steps following 100 000 of dememorization, and assessed significance after a sequential Bonferroni correction. We used Arlequin to perform an exact test for Hardy-Weinberg equilibrium (HWE) and calculated observed and expected heterozygosity. To account for differences in population sample sizes, we used rarefaction to calculate allelic richness and private allelic richness in HP-Rare (Kalinowski 2005) . To estimate genetic differentiation among localities, we calculated pairwise F ST in Arlequin and assessed significance of pairwise comparisons using 10 000 permutations between populations, estimated after sequential Bonferroni correction.
Inferring Population Genetic Structure
We estimated the number of genetic demes present among our sampled ponds (K) using the Bayesian clustering algorithm implemented in Structure v2.3.4 (Pritchard et al. 2000; Falush et al. 2003) . We tested K values from 1 to 19 under an admixture model, assuming correlated allele frequencies among populations. We used the default setting of λ = 1 for the allele frequency prior, incorporating no prior population information in the clustering inference, in 10 runs per K value for 5 000 000 generations with the first 100 000 generations discarded as burn-in. We chose the best K across runs using the ΔK statistic following Evanno et al. (2005) as implemented in Structure Harvester v0.6.93 (Earl and vonHoldt 2012) and aligned the 10 replicate analyses using CLUMPP v1.1.1 (Jakobsson and Rosenberg 2007) . Results were visualized using Distruct v1.1 (Rosenberg 2004 ).
Classification of Hybrids
We identified and classified hybrids using our Structure analysis and NewHybrids v1.1 (Anderson and Thomson, 2002) . In the context of a hybrid zone with 2 genetic demes, Structure probabilistically assigns individuals to the 2 parental populations or hybrid category according to their level of admixture, whereas NewHybrids estimates the posterior probability that a given individual belongs to a particular genotype frequency class (e.g. parental, F1, F2, backcross). We assumed individuals to be hybrids if their probabilistic assignment to either parental population (Q-score) in Structure was ≤90% (Vähä and Primmer 2006) . In NewHybrids, we used the default genotype frequency categories for first-and second-generation hybrids and used Jeffreys priors for the mixing parameters and allele frequencies. We executed 5 independent runs of 200 000 sweeps following 50 000 sweeps of burn-in and assessed convergence by visually inspecting P(z) values from each run and averaging across runs. We used the ≤90% threshold on NewHybrids posterior probability values to distinguish hybrids from pure parentals, summing posterior probability values across all genotype classes per individual. To maintain a conservative estimate, we identified as hybrids for downstream analyses the subset of individuals that met hybrid criteria in both analyses. We evaluated the validity of our 90% Q-score cutoff by simulating 200 genotypes (50 each F1, F2, and west and east backcrosses) using Hybridlab (Nielsen et al. 2006) . To determine individual and population-level hybrid composition, these 200 simulated hybrids plus 50 randomly selected parental genotypes from each lineage were run in Structure at K = 2 for 5 000 000 generations following 1 000 000 as burn-in and aligned in CLUMPP, using the same parameters as prior runs on our empirical data.
Migration Rates
We used BayesAss v3.0 (BA3; Wilson and Rannala 2003) to estimate more recent migration rates (within the past few generations) between our 2 parental Structure demes. We performed 5 independent runs of 10 000 000 generations, sampling every 1000 generations following 500 000 generations of burn-in. Mixing parameters for migration rates, inbreeding coefficients, and allele frequencies were set to 0.2, 0.45, and 0.84, respectively to ensure adequate mixing and acceptance rates per the BA3 instruction manual (Wilson and Rannala 2003) . Runs were assessed for convergence using Tracer v1.5 (Rambaut and Drummond 2007) .
Geographic Cline Analysis
We fitted geographic clines to our mtDNA and nuclear data to infer the geographic extent of the hybrid zone for each marker type. We collapsed sample localities into a 1-dimensional east-west transect along the average sampling latitude and calculated all distances along this common transect. We approximated cline shape using a simple 2-parameter model, estimating cline center (c) and width (w) following the single-locus sinusoidal equation from Szymura and Barton (1986) {p(x i ) = 0.5 * (1 + tanh((2 * (x i − c))/w))}. Under this model, p(x i ) is the genotype or haplotype frequency at a given population. Cline width is measured as the inverse of the maximum slope of the curve and describes the rate of allele frequency change across the center of the cline. We used maximum likelihood to fit the model, analyzing mtDNA population haplotype frequencies across the contact zone. We employed a multilocus approach for the microsatellite data, analyzing average hybrid index scores obtained from Structure Q-scores for each population (Yannic et al. 2008; Devitt et al. 2011 ). This approach produced more robust lineage-diagnostic hybrid indexes than multiple individual loci, some of which were less informative due to low private allele frequencies among populations. We tested for concordance between the 2 clines by constraining the mtDNA model with the width parameter estimated for nuclear loci and compared the constrained and unconstrained models with a likelihood ratio test. Similarly, we tested for coincidence by constraining the mtDNA model to the nuclear cline center and comparing the models. To test for possible spatial sampling artifacts in the nuclear data, we performed a third likelihood ratio test between models fit to the data using only populations on either side of the Mississippi River, comparing the model fit of western populations to a model constrained to parameters estimated from the east. All clines were fit and analyzed in R (R Development Core Team 2010).
Results
Population Sampling and Microsatellite Diversity
We successfully genotyped 489 A. maculatum from a total of 519 egg masses across 19 populations (mean population genotypes = 25.7; range = 8-36; Figure 1 ; Supplementary Table S1 online). We scored a total of 74 alleles across 7 loci (Supplementary  Table S2 online). Loci showed no evidence of linkage disequilibrium after sequential Bonferroni correction; however, we did find evidence of deviations from HWE in 3 loci (AmaC40, AmaD315, and AmaD99). Deviations mostly arose in the 2 most allele-poor loci (AmaC40 and AmaD315) at the PRCA, LCCA, and Thebes localities, and AmaD315 and AmaD99 were both in disequilibrium at Hill Cemetery. Other than these instances, we found no consistent patterns of deviations from HWE across localities; thus, we inferred no relationship between deviations from HWE and proximity to the contact zone. Observed and expected heterozygosity were markedly lower in the west deme (49% and 56%, respectively) than the east (68% and 78%; Supplementary Table S3 online). Private allelic richness was also lower in the west, with only 1 allele private to the western deme while 24 were private to the east.
Population Differentiation
Pairwise F ST values among sampled populations were variable, with a mean of 0.057 (range: 0-0.124) in the west, 0.097 (0.007-0.155) in the east, and 0.192 (0.066-0.304) among localities on either side of the Mississippi River (Supplementary Table S4 online). The majority of pairwise differences among sampling localities were significant following Bonferroni correction.
Population Structure
Our Bayesian assignment produced a maximal PK value of K = 2 (PK = 669.35; LnP(K)= −10 081.67), separating populations on either side of the Mississippi River contact zone (Figure 2 ). We also found high support for genetic substructure within the 2 ancestral lineages, with a secondary PK peak at K = 5 (PK = 340.53; LnP(K) = −9423.81). Using K = 5, the western deme was further divided into 2 clusters: a "far west" group of 5 sampling localities including St Francis at its eastern edge, and a "west-central" group from Reichardt in the west to Field Pond at the eastern river boundary. Likewise, the eastern deme was subdivided into 3 clusters: a "far east" group from Wesselman west to Foundation Pond, an "eastcentral" group from Heron to Thebes at the western river boundary, and the genetically distinct Opossum Pond in the central hybrid zone (Figure 2 ).
Hybrid Genotypes
Our Structure analysis revealed patterns of introgression both within and between the east and west populations. Averaged among sampling localities, admixture in the western deme produced a 12.7% frequency of hybrid individuals (range: 0% Bowers, St Francis-31% Field Pond), with the remaining 87.3% of individuals identified as genetically pure western using our 90% Q-score threshold. The eastern population was more extensively hybridized, composed of 28.6% hybrids (3.4% Hippie, Hill Cemetery-82% Thebes) and 70.6% pure, plus 2 individuals (0.8% of the total eastern population) from Thebes identified as genetically western. Hybridlab Q-scores using our 90% cutoff correctly identified 88% of our simulated genotypes as hybrid, with 4 western backcrosses and 2 F2 genotypes identified as western. Population Q-scores were 0.9005 and 0.8690 for western and eastern genotypes, respectively, suggesting our 90% cutoff to be adequate in identifying hybrid individuals.
Our NewHybrids analysis identified 172 of 489 total individuals (~35%) as hybrids between the east and west demes. Hybrids made up 17.2% of the western deme (0% Bowers, St Francis-37.9% Field Pond) and 53.1% of the eastern deme (17.2% GOTG-100% Bald Knob). Posterior probabilities varied widely among hybrid class types and often with modest support for multiple hybrid classes. Only 4 admixed individuals (from the Thebes and Bean localities) displayed approximately equal assignment to both the east and west populations (45<Q<55), and the remaining majority of admixed individuals are thus more likely later-generation hybrids. Therefore, other than distinguishing between hybrid and parental forms, we did not assign individuals more finely to hybrid classes. Structure was more conservative in classifying hybrids, identifying 101 total individuals (~20%) as hybrid, including 31 hybrids from the western deme and 70 individuals from the east. All 101 were concordant with hybrid calls made by NewHybrids. This concordant subset of 101 individuals were considered hybrid for downstream analyses.
The large majority of hybrid genotypes (81 of 101 individuals, 80%) were restricted to the 7 localities nearest the Mississippi River-a distance spanning 50 km of our 350 km cline transecthere referred to as the "central hybrid zone" (Figure 3 ). Within the central hybrid zone, the western and eastern populations displayed a 23% (22 of 97 individuals) and 66% (59 of 89) hybrid frequency, respectively. Beyond these populations, introgression was much less common (9/147 = 6% in remaining western localities; 11/156 = 7% in remaining eastern localities). Despite the generally lower prevalence of introgression in these more distant populations, admixture was still geographically extensive. We recovered hybrids from all localities sampled east of the Mississippi, spanning a distance of more than 170 km from the river along our cline transect. Hybrids were lacking from 2 sites west of the river (Bowers, St Francis) but were still present as far as 150 km from the river (CRCA). In all, hybrids were recovered from localities up to 340 km apart.
Mitochondrial Structure
In contrast to the microsatellite data, eastern mtDNA haplotypes extended far into the western deme, with eastern haplotypes recovered from 4 of 9 western localities, as far as 65 km from the Mississippi River. Apart from 2 individuals in Opossum Pond, no western mtDNA haplotypes were sampled east of the river, including from 2 eastern individuals scored as genetically "pure" western (both found in Thebes). Western mtDNA haplotypes thus comprised 0.8% of the total eastern deme. In contrast, eastern haplotypes were recovered from 4 western localities (Reichardt, Meyers, Tolcou's, and Field Pond). Eastern haplotype frequencies ranged from 32% in Reichardt (6 of 19) to complete fixation in Meyers, averaging 34% frequency in the western deme (84 of 244).
Central hybrid zone B O P R C R L C S F R E M E T O F I O P T H B E B K H I H E F O G O H C
Effective Population Size and Migration Rates
Under the 2-population model, BayesAss results demonstrated minimal recent migration among populations (Supplementary Table S5 online). The western population was composed of 1.5% migrant ancestry, and the eastern population only 0.2%. Migration rates were higher among the 5 Structure demes on either side of the river. Opossum pond showed the lowest migrant ancestry (1.3%), with the 2 eastern demes intermediate (2.6% east central, 2.7% east) and the western demes showing the highest frequency of migrants (3.6% west central, 6.7% east). All migration rate estimates carried high effective sample size scores; however, the 95% confidence intervals for these estimates were broad (Supplementary Table S5 online) and thus should be interpreted with caution.
Geographic Cline Analysis
Our nuclear hybrid index cline found the center of the hybrid zone to be at 169.6 km ( Figure 4 ) along our cline transect, just west of the Mississippi River (which is located at 180 km). The nuclear cline measured 98.9 km in width. Our mtDNA cline was neither coincident nor concordant with the nuclear data; the mtDNA cline was centered at 121.4 km (Figure 4 )-58 km west of the Mississippi River-with a width of 56.9 km. Likelihood ratio tests showed highly significant differences (P < 0.001) in both cline width and center.
Direction of Introgression
Nuclear introgression was geographically extensive and bidirectional across the Mississippi River, but largely occurred in populations immediately adjacent to the river; 80% of all hybrid individuals were found within 35 km of the river (Figure 3 ). Within this central hybrid zone, hybrid individuals were nearly 3 times more prevalent in the east (66% vs. 23%), and averaged population-wide hybrid indices (Q-scores) were higher in the east (range: 0.064-0.122 west; 0.156-0.387 east) (Figure 3 ). This result was striking, potentially implying asymmetric introgression across the Mississippi, but this pattern can be explained by spatial sampling. Our central hybrid zone localities sampled east of the river were generally closer to the river (mean distance = 13.4 km; range = 7.2-17.5 km) than western populations (mean distance = 29.6 km; range = 25.8-33.3 km) along the cline transect. A likelihood ratio test comparing hybrid indices on either side of the river found no significant difference between changes in hybrid frequency as a function of distance from the river (P = 0.836). Thus, nuclear introgression is of equal magnitude on either side of the Mississippi. The mtDNA data show a distinctly different pattern (Figures 2a  and 4) , with strong westward introgression. Eastern mtDNA haplotypes comprised 89% of the central hybrid zone (165 of 186 individuals), with 98% frequency east of the river (87 of 89) and 80% frequency to the west (78 of 97), reaching fixation in 4 of 7 hybrid zone localities (Figure 3) . Eastern haplotypes were recovered 30 km beyond the boundary of the central hybrid zone, reaching 32% frequency (6 of 19) at 1 additional locality.
Discussion
During introgressive hybridization, the distribution of hybrid genotypes across a secondary contact zone provides insight into the mechanisms acting to reduce or reinforce the genetic distance between divergent lineages. In this study, we document complex structure in a contact zone for 2 historically differentiated lineages of A. maculatum, in which secondary contact following population expansion has resulted in a hybrid zone with extensive introgression of nuclear loci across the contact boundary. This hybrid zone is characterized by a narrower mtDNA cline that is noncoincident with the broader nuclear cline (Figure 4 ). Our migration analyses based on microsatellites found modest but nontrivial migration rates among genetic subgroups, and across our sampling transect, we found little evidence for linkage disequilibrium or deviations from HWE, results consistent with a pattern of free nuclear gene exchange. Despite the high mtDNA divergence between these 2 hybridizing lineages (Phillips 1994; Zamudio and Savage 2003) , low microsatellite F ST values found within and among neighboring subdemes confirm that admixture among groups is ongoing. At a local scale, populations are characterized by high connectivity and relatedness, with low F ST values among adjacent subdemes and localities implying ample gene flow, including across the Mississippi River (east central-west central F ST = 0.085). These F ST values are similar to those measured among Ambystoma populations at smaller geographic scales (Zamudio and Wieczorek 2007; Wang et al. 2011) ; however, our transect covers a larger geographic area than those previous studies. This signature of low interpopulation differentiation and prevalent hybrid genotypes across the Mississippi imply that the river is a permeable barrier to gene flow among lineages. Thus, the maintenance of the hybrid zone and asymmetry of admixture among loci must be explained through other mechanisms.
Direction of Introgression and Cline Width
We found mtDNA admixture centered 60 km west of the Mississippi River, with the nuclear cline center about 10 km to the west of the river. Confidence intervals around both clines significantly exclude the Mississippi, indicating that introgression is not currently centered at the river boundary. Given the commonality of the Mississippi River as a biogeographic barrier (Swenson and Howard 2005) , it is tempting to assume that the river was the original point of secondary contact and that this pattern represents asymmetric introgression of eastern loci into the western gene pool. However, the noncoincident clines may represent eastward introgression from a contact point west of the river. The mtDNA and nuclear clines differed significantly in width, with the nuclear cline over 40 km wider than the mtDNA cline, and 95% confidence intervals on cline widths nonoverlapping by 25 km. Both clines are broad compared with other contact zones in wide-ranging species (Szymura and Barton 1986; Yannic et al. 2008; Singhal and Moritz 2012a) , consistent with the high gene flow in this system. According to cline theory, the sharper cline in mtDNA haplotype frequencies may imply stronger selective barriers to gene flow at the western cline center than along the nuclear cline (Barton 1983) . However, given the relatedness and connectivity of adjacent localities on either side of the cline, strong selection against mtDNA seems unlikely. Alternatively, the greater breadth of the nuclear cline may imply more relaxed selection against gene exchange (Barton 1983) or even selection favoring admixture (Toews and Brelsford 2012) .
Maintenance of the Hybrid Zone
Neutral Processes
Asymmetric gene flow of mtDNA relative to nuclear background is a common phenomenon in secondary hybrid zones (Chan and Levin 2005; Currat et al. 2008; Toews and Brelsford 2012) . This pattern can result neutrally or from a number of demographic, genetic, and behavioral interactions among lineages including biased migration rates, asymmetric mate choice, and heterogamy of sexes (Toews and Brelsford 2012) , acting either individually or in concert. If introgression were to occur by purely neutral means (random mating, equal dispersal rates of each sex, and lineage) under migration-selection equilibrium, we would expect bidirectional symmetry in admixture across the point of contact (Barton and Hewitt 1985) . However, during population expansion, neutral introgression occurs primarily from local to invading populations (Klopfstein et al. 2006; Currat et al. 2008 ). This scenario applies to our hybrid zone, as earlier spatial analyses based on mtDNA showed repeated signatures of continuous range expansion of the western (or coastal) clade when compared to the more geographically restricted eastern (interior) clade (Zamudio and Savage 2003) . Thus, our pattern of westward introgression implies that the eastern deme was historically locally established west of the river. The initial contact between these lineages therefore occurred west of the Mississippi, with the western lineage expanding east from the contact point. Resident eastern alleles could reach high frequency among admixed invading western individuals at the invasion front, introgressing into the western gene pool during population expansion (Currat et al. 2008 ). This phenomenon is most common in organellar genes of smaller population size (Currat et al. 2008) , which accounts for the stronger asymmetry in mtDNA introgression and parsimoniously explains the biogeographic pattern we observed.
Alternative Mechanisms
Discordance in mtDNA and nuclear cline position could also arise if dispersal were female biased and occurred asymmetrically from east to west or were male biased from west to east. While these scenarios could potentially explain the biogeographic structure of our hybrid zone, no ambystomatid salamanders are known to exhibit sexbiased dispersal at this scale (Petranka 1998) , and annual migrations of A. maculatum adults exhibit equal sex ratios (Parmelee 1993; Regosin et al. 2003; McDonough and Paton 2007) . While little is known of juvenile dispersal behaviors in pond breeding amphibians, such movements are generally assumed to be random in direction, short in distance (Semlitsch 2008) , and low in frequency (Gamble et al. 2007) , with occasional outliers dispersing longer distances (Gamble et al. 2007; Semlitsch 2008) . Thus, relative abundance or population size of lineages could contribute to overall landscapelevel movements and introgression rates over time, rather than biased lineage-or sex-specific dispersal patterns per se. Sex-biased dispersal is therefore unlikely to have shaped the structure of our hybrid zone; however, field experiments monitoring sex ratios and relative dispersal patterns are needed to test this hypothesis.
Genetic drivers of discordance such as Haldane's rule can potentially influence hybrid zone dynamics. Haldane's rule states that among offspring of hybridizing forms, when one sex is rare, absent, or sterile, the observed hybrid breakdown is typically in the heterogametic sex (Haldane 1922) . While heterogamy in A. maculatum is not confirmed, all other karyotyped Ambystoma are female heterogametic (ZW/ZZ; Hillis and Green 1999); thus, females in this system would be candidates for inviability (Schilthuizen et al. 2011) . Under this scenario, we would expect minimal or no mtDNA introgression from west to east, with a steep mtDNA cline centered at the point of original contact between the lineages. We do not find this pattern in the central hybrid zone, where western mtDNA has, in fact, introgressed and is found in multiple hybrid individuals. Additionally, the high prevalence of hybrids adjacent to the Mississippi and breadth of the nuclear cline imply extensive admixture among lineages, which would normally be selected against under cases of reproductive incompatibility such as Haldane's rule. Unfortunately, we lack data on population sex ratios to further test for this mechanism, because our field samples were collected as embryos prior to sexual maturity; however, its role appears unlikely. Similarly, the near-complete exclusion of western mtDNA haplotypes east of the Mississippi implies the potential for incompatibilities between western mtDNA and eastern nuclear loci, as under the Dobzhansky-Muller model of hybrid incompatibility. While this pattern is apparent east of the Mississippi, if the Dobzhansky-Muller model were in effect in this system, we would also expect this incompatibility to hold in the west. Rather, of the 31 hybrids identified in the west, 14-a full 45%-carried western mtDNA. Additionally, while our sampling of embryos prevents direct testing of the possibility for postzygotic hybrid inviabilities such as adult hybrid disfunction, the prevalence of late-generation hybrids in this system again makes this possibility unlikely. Thus, incompatibilities do not seem to account for the patterns across the hybrid zone.
Finally, discordance may also arise in cases of asymmetric mate choice. Inequality in parental investment among the sexes leads to greater discrimination in mate choice by the sex with highest investment (Wirtz 1999) . In a hybrid zone, females can exhibit choice dependent on the frequency of conspecific males, a potential tradeoff with choice for particular male phenotypes. If female A. maculatum suffer any costs in heterospecific matings, we would expect females to choose conspecific (intralineage) males in our contact zone (Pfennig 2000) , and thus, the few males that successfully migrate across the contact zone are unlikely to experience reproductive success unless, alternatively, selection acts to favor males from the opposite lineage. Given the prevalence of hybrids found in this system, outcrossing between lineages does not appear to be problematic, thus selection for conspecific choice (or selection against admixture) is presumably weak. Alternatively, if mate choice is based primarily on mate quality (Chandler and Zamudio 2008) , and if one lineage is consistently of higher quality, then most breeding females will opt for that lineage, resulting in asymmetric introgression between the 2 groups. Indeed, the >25 km difference in width between nuclear and mtDNA clines points to possible independent selective forces acting on these markers (Brumfield et al. 2001) , with the potential for selection broadening the nuclear cline relative to the mtDNA cline. DuShane and Hutchison (1944) found that in common garden experiments, western A. maculatum larvae develop faster and grow to a significantly larger body size than eastern conspecifics, a fundamental fitness advantage in metamorphosing amphibians (Wilbur and Collins 1973) . We know that female A. maculatum exhibit mate choice for larger males in one New York population, with larger males siring more offspring (Chandler and Zamudio 2008) . If this preference holds in our contact zone, then hybridization will be biased by female choice of larger western males in this system. This scenario would afford western males higher breeding success in the east as eastern females select for body size. Thus, the majority of hybrid progeny would arise from matings between western males and eastern females, promoting extensive nuclear introgression from west to east but without accompanying introgression of mtDNA. West of the contact point, eastern females (but not eastern males) would regularly breed successfully, contributing eastern mtDNA to the western gene pool. This general pattern is clear in our data on either side of the Mississippi and presents an intriguing potential mechanism driving introgression of western alleles into the eastern deme.
The Role of Combined Factors in Asymmetric Introgression
The biogeographic pattern and maintenance of our focal hybrid zone may potentially be explained by a combination of neutral and selective mechanisms that are difficult to tease apart. Yet, synthesizing our analyses with knowledge of spotted salamander natural history informs us of possible processes maintaining our hybrid zone. We hypothesize that the biogeographic patterns observed in this system can be explained by a combination of passively diffusing migration among lineages across the contact boundary during population expansion of the western lineage, along with sexual selection for western males. Under this scenario, the eastern deme would have first colonized west of the Mississippi, followed by a more recent invasion by the expanding western deme. Contact likely occurred at or near the center of the mtDNA cline, with locally prevalent eastern mtDNA reaching fixation in the expanding western deme at the invasion wave front. This longer colonization history of the eastern lineage is supported by the higher allelic diversity found among pure eastern individuals, with the reduced diversity of western populations indicative of a more recent expansion in that lineage (Zamudio and Savage 2003) . East of the river, relatively low migration into a larger population would normally hinder gene flow far from the Mississippi contact zone; however, this has been overcome by sexual selection for large-bodied western males who have contributed western nuclear DNA well into the eastern deme. Thus, our observed mitonuclear discordance is likely a product of neutral mtDNA introgression from east to west and selection for nuclear introgression from west to east.
Given the recent contact of these 2 hybridizing lineages, it is likely that introgression and admixture among these groups is still ongoing. We found mostly late generation hybrids (few F1 and F2 individuals) and low but nontrivial contemporary migration rates, both of which imply that migrants provide a slow but steady source of admixture. Hybridization on either side of the Mississippi River does not represent introgression across a secondary contact point as originally presumed, rather marks the current location of an east-moving wave front as the range of the western lineage expands east. This scenario corroborates earlier analyses demonstrating continuous range expansion of the western (coastal) clade relative to the eastern (interior) clade (Zamudio and Savage 2003) . The notable exception to this broader pattern is Opossum Pond, identified as genetically distinct by Structure, yet the only population with western mtDNA haplotypes east of the Mississippi and with the highest observed heterozygosity of our sampled localities (Supplementary Table S2 online). This anomalous signal of both isolation and west-east connectivity is intriguing, potentially as a result of more localized and recent phenomena such as anthropogenic isolation or introductions, recent colonization, or migration-drift dynamics. These possibilities warrant further investigation but lie beyond the scope of this study. However, they further imply complex population-and landscapelevel processes mediating dispersal and gene flow among these contacting lineages.
If these dynamics continue in this hybrid zone, we predict that the nuclear cline will continue to shift east, either extensively or halted by the Mississippi, depending on the relative strength of sexual selection and degree of migration across the river. Divergence between these 2 lineages long predates their most recent glacial separation, spanning as many as 10 million years (Zamudio and Savage 2003) , yet despite the river barrier and deep divergences, the 2 widespread mtDNA clades of A. maculatum remain reproductively compatible, but female mate choice across the contact zone demonstrates potential for the first asymmetric stages of prezygotic isolation.
Our results provide insight into factors maintaining a complex and structured hybrid zone between a pair of highly divergent but cryptic lineages in A. maculatum. Further work examining genomewide loci will provide a more fine-scaled view of genomic admixture and the selective forces acting on this system, and breeding experiments would be useful to directly test mate choice and potential cytogenetic incompatibilities in this system. Our study underscores that multiple interacting mechanisms can mediate patterns of admixture during the earliest stages of the diversification process.
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